Waterborne silicate composite coatings were prepared to replace existing solvent-based coatings for ships. A series of complex coatings were prepared by adding anticorrosive pigments to the silicate resin. Adhesion, pencil hardness, and impact resistance were investigated, and corrosion performance in 3.5% NaCl solution was measured by electrochemical impedance spectroscopy (EIS). The results show that adhesion and impact resistance are high, and that pencil hardness can reach 4H. The curing mechanism for the coatings were investigated by Fourier-transform infrared spectroscopy (FTIR) and X-ray diffraction (XRD). The mechanism of curing reaction in the studied waterborne silicate paint was found to be different from that reported in the literature. When the coatings were immersed in 3.5% NaCl solution for 8 h, there is only one time constant in the Bode plot, and coating capacitance (Q c ) gradually increases while coating resistance (R c ) gradually decreases. Glass flake composite coatings have better corrosion resistance by comprehensive comparison of Q c and R c .
Introduction
While ship corrosion in the ocean is inevitable, the corrosion rate can be controlled. Currently, there are two main corrosion protection methods for ships: cathodic protection and coating. Cathodic protection can be achieved by replacing iron corrosion with a metal that is more active than iron. Specific processes [1] include physical vapor deposition, chemical vapor deposition, micro-arc oxidation, and thermal spraying of zinc, zinc-aluminum [2] [3] [4] [5] [6] [7] [8] , or zinc-magnesium-aluminum [9] . Coating depends primarily on anticorrosion coatings. The more mature coatings are solvent-based anticorrosion coatings. Although their anticorrosion effect is very good, the volatile organic compound produced in the painting process of steel products and their facilities accounts for 20%-25% of the global total [10] and has become the main source of atmospheric pollution. Therefore, it is of practical significance to develop low volatile organic compounds (VOC) emitting waterborne anticorrosion paints replacing solvent-based anticorrosion paints. At present, waterborne anticorrosion paints are still in the development stage and their painting technology and paint performance need to be improved. The commonly studied waterborne anticorrosion paints can be divided into organic and inorganic. Although waterborne organic paints have been widely researched and some progress has been made, the synthesis of waterborne resins is still inseparable from the use of organic volatiles. Contrarily, inorganic paints do not possess organic volatiles and therefore exhibit a better environmental performance. Waterborne inorganic paints are promising substitutes. Waterborne inorganic anticorrosion paints mainly include silicate [11, 12] , silica sol [13, 14] , and phosphate paints [15, 16] . Silicate and silica sol improve adhesion between metal and coating [17] . When silicate and silica sol coatings are applied, van der Waals bonds between the resin and substrate are initially produced, and are then transformed into covalent bonds during curing. Silicate and silica sol not only enhance adhesion, but also heighten comprehensive performances [18] . However, cohesion of silica sol paints is larger during polycondensation. This is likely to cause the coatings to crack or lead to large area fall off [19, 20] . Phosphate paints need high temperature for curing, and their application is limited by the application environment [19, 21] . Although waterborne silicate coatings possess excellent adhesion and environmental performance, they also possess disadvantages such as poor water resistance and mechanical properties [19, [22] [23] [24] [25] [26] . These disadvantages can be improved by means of acid modification, organic-inorganic hybridization, and nano-modification [27] . In this paper, the silicate resin modified by nano-sized silicone-acrylic emulsion was investigated. It possesses the advantages of silicone and acrylic resin. The water resistance and mechanical property are improved by silicone and acrylic resin, respectively. Nano-effects enhance the overall performance. Flake anticorrosive pigments, such as micaceous iron oxide (MIO) and glass flake (GF), have been widely used to enhance the corrosion resistance for coatings [28] [29] [30] [31] . SiO 2 is the main chemical composition of GF that has low water vapor permeability, abrasion resistance, and chemical inertness [32] . MIO is a natural mineral and α-Fe 2 O 3 is the main chemical composition of MIO. MIO is capable of fracturing into very thin plate-like cleavage fragments [33] . MIO can be distributed in parallel to bring about a "labyrinth effect", which results in the diffusion path of corrosive media within the coating to become more tortuous, thus increasing time for corrosive media to diffuse within the coating, reducing the formation of corrosion galvanic cells, and slowing the corrosion rate [23, [32] [33] [34] . This has been confirmed by some scholars. For example, Yan et al. [35] confirmed that the highest impedance of the phosphate ceramic coatings was obtained with increased content of GF, and Danaee et al. [36] confirmed that the rate of reactivity of inorganic zinc-rich coatings was reduced when replacing zinc powder with MIO. The addition of GF and MIO not only improves the protective performance but also reduces the curing shrinkage, thereby improving the comprehensive performance of coatings. Therefore, this paper will be focused on the influence of GF and MIO on electrochemical corrosion performance of waterborne silicate coatings in 3.5% NaCl.
Experiment

Materials
Wuhan Modern Technologies Institute (China) provided nano-modified waterborne silicate resin for zinc-rich paint (E777-2). Its main constituent is potassium silicate, which has 25% solid content, 10-12 pH, and 1.02-1.20 g/mL density. Jiangsu Kecheng Nonferrous Metal New Material Co., Ltd. (Taizhou, China) provided the 500 mesh spherical zinc powder. Talc, composite calcium zinc phosphate, titanium dioxide, MIO, and GF were obtained from Dalian Keli Ultrafine Powder Co., Ltd. (China), Wuhan Modern Technologies Institute (China), Shanghai Hongyunyuan Chemical Co., Ltd. (China), Changzhou Lehuan Trading Co., Ltd. (China), and Hebei Quanbao Anticorrosive Material Co., Ltd. (Langfang, China). Tianjin Kemiou Chemical Reagent Co., Ltd. (China) provided triethylamine. The morphology of MIO and GF observed by using a confocal laser scanning microscope (CLSM, OLS4000, Olympus, Tokyo, Japan) is shown in Figure 1 , while the radius-thickness ratio and density are shown in Table 1 . The basic composition (Z5) for the antirust paint is shown in Table 2 . E777-2 was poured into a 100 mL stirring tank with a speed of 500 r/min. Anticorrosive pigment was then added to the tank according to the amount in the formulation, and then the speed was increased to 1500 r/min while stirring for 15 min.
Preparation of GF and MIO Anticorrosion Paint
Formulation
The basic composition of anticorrosion paint is listed in Table 3 . G16/M16, G14/M14, G12/M12, G10/M10, and G8/M8 are specimens with 16%, 14%, 12%, 10%, and 8% GF/MIO, respectively. 
Preparation of the Antirust Paint
Formulation
The basic composition (Z5) for the antirust paint is shown in Table 2 . Table 2 . The basic composition of the antirust paint.
Raw Materials (wt.%) Z5
E777-2 30 500 mesh spherical zinc powder 70
Preparation
E777-2 was poured into a 100 mL stirring tank with a speed of 500 r/min. Anticorrosive pigment was then added to the tank according to the amount in the formulation, and then the speed was increased to 1500 r/min while stirring for 15 min.
Preparation of GF and MIO Anticorrosion Paint
Formulation
Preparation
E777-2 and deionized water were added into a 300 mL stirring tank, then pigments and fillers were added and stirred at 1500 r/min for 2 min after addition of each powder. Finally, an appropriate amount of triethylamine was added, stirring at 1500 r/min for 15 min.
Preparation of Studied Coatings
For basic mechanical properties testing, each paint was brushed onto aluminum plates. The zinc-rich antirust paints prepared in Section 2.2.2 were brushed onto a steel plate, after which the GF and MIO anticorrosion paints were brushed onto the antirust coating in order to prepare the composite coatings for electrochemistry and salt spray testing. Each paint was cured for 1 day at 24 • C at 50%-60% humidity. Since the total salt content of seawater is about 3.5%-3.7% and the salt is mainly NaCl, a 3.5% NaCl solution can be used instead of seawater as the corrosion medium. The 3.5% NaCl solution has been widely used for corrosion testing. For example, Elahinia et al. [37] used a 3.5% NaCl solution to test the potentiodynamic polarization curve of micro-arc oxidation coating.
Preparation and Characterization of Specimens
Preparation of the Cross Section Specimens
A specimen with a size of 20 mm × 20 mm was cut from the Z5/Z5 + G8/Z5 + G14 coating with a saw blade and then fixed with steel splint. Non-cutting edge of the specimen was then sanded with 400-1000 grit sandpaper and polished.
Characterization
In order to study the curing mechanism for the silicate paints, the spectra of the resin and film of E7772 were measured by a Frontier PerkinElmer infrared spectrometer (Waltham, MA, USA) with a scan range of 650-4000 cm −1 and a resolution of 2 cm −1 . The Z5 specimens prepared in Section 2.5.1 were tested using an X-ray diffractometer (D/MAX-Ultima + , Rigaku, Tokyo, Japan) with Co Kα radiation and a 10 • -100 • diffraction angle. In order to study the basic mechanical properties of anticorrosion coatings, we measured the adhesion, pencil hardness, and impact strength using a film adhesion tester (QFZ-II, Tianjin Material Testing Machine Factory, Tianjin, China), a pencil scratch hardness tester (QHQ-A, Tianjin Material Testing Machine Factory), and a paint film impactor (QCJ, Tianjin Yonglida Material Testing Machine Co., Ltd., Tianjin, China) according to GB/T1720-1979 [38] , GB/T6739-2006 [39] , and GB/T1732-1993 [40] . In order to study the corrosion resistance of composite coatings, the cross section of the coating Z5 + G8/Z5 + G14 was observed by OLS4000 CLSM version 2.2.4 (Olympus, Tokyo, Japan). Z5 + G8, Z5 + G16, Z5 + M8, and Z5 + M16 were performed for a 168 h salt spray testing on the SFT030 Salt Spray Test Machine (Chongqing Hanba Test Equipment Co., Ltd., Chongqing, China) according to the standard ASTM B117 [41] . EIS of composite coatings immersed in 3.5% NaCl was measured by a ZAHNER IM6ex Electrochemical Workstation (Kronach, Germany) with a COLT (Coating & Laminate Tester) system. The signal amplitude was 10 mV vs. the open circuit potential and the frequency was 1 Hz-100 kHz. The test operation referred to the reference [42] . The results were treated by Z.03 USB software and then analyzed by ZSimpWin3.2.1 software.
Results and Discussion
Curing Mechanism for Silicate Paints
Generally, the film curing mechanism for silicate paints obeys the following reaction equations [19, [43] [44] [45] . In order to verify whether the curing mechanism of the silicate paints in this paper satisfies these reaction equations, the resin and film of E777-2 and the cross section of zinc-rich coating were tested by FTIR and XRD, respectively. The results are shown in Figures 2-4. The absorption bands at around 694, 1445, and 2953 cm −1 are ascribed to out-of-plane bending, in-plane bending and stretching vibration of C-H. The appearance of bands at 756, 1156, 1636, and 1728 cm −1 is attributed to the characteristic absorption of Si-C, C-O, C=C, and C=O, respectively. Moreover, the sharp peaks at 1021, 1046, and 3354 cm −1 correspond to Si-OH, Si-O-Si, and -OH in H 2 O. The appearance of Si-OH can provide direct evidence for Equation (1) and indirect evidence for Equation (2) . Si-OH and Si-O-Si directly confirm Equation (4). The Zn 2 SiO 4 in Figure 4 comes from the reaction of the active metal Zn with ortho silicic acid. However, the appearance of Zn 2 SiO 4 is inconsistent with Equation (3). Equation (3) reveals that the silicate paints form a silicate during the curing process, but the XRD test results demonstrate that the silicate paints form an orthosilicate during the curing process. Therefore, based on the test results of this paper, we suggest that Equation (3) should be modified. The modified result is shown in Equation (5).
where m, n and M respectively are modulus, water content and Fe or Zn. (4). The Zn2SiO4 in Figure 4 comes from the reaction of the active metal Zn with ortho silicic acid. However, the appearance of Zn2SiO4 is inconsistent with Equation (3). Equation (3) reveals that the silicate paints form a silicate during the curing process, but the XRD test results demonstrate that the silicate paints form an orthosilicate during the curing process. Therefore, based on the test results of this paper, we suggest that Equation (3) should be modified. The modified result is shown in Equation (5).
where m, n and M respectively are modulus, water content and Fe or Zn. 
Basic Mechanical Properties for GF and MIO Anticorrosion Coatings
The basic mechanical properties for GF and MIO anticorrosion coatings are shown in Tables 4 and 5. The adhesion and impact strength are Grade 1 and 50 kg·cm, respectively, which shows that the added pigments and fillers and their contents did not affect the adhesion of the resin to the substrate and the enwrapping of the resin to the pigments and fillers. The paints form a continuous film after curing. Since stable covalent bonds (Equation (5)) are formed during the drying stage of the films, the coatings exhibit good cohesiveness and flexibility. Tables 4 and 5 show that pencil hardness increases with the contents of GF and MIO. This shows that the added GF and MIO enhance the scratch resistance of the coatings.
In the case of the same amount of anticorrosive pigment, the pencil hardness of the MIO coating is higher than that of the GF coating (except for 8%). This is mainly due to the fact that the hardness of the MIO exceeds that of the GF. After MIO is dispersed into the coating, its reinforcing effect is stronger. Therefore, the scratch resistance of the coating containing MIO is better. G16  3  1  50  G14  2  1  50  G12  2  1  50  G10  2  1  50  G8  2  1  50   Table 5 . Basic mechanical properties for MIO anticorrosion coatings [43] . M16  4  1  50  M14  3  1  50  M12  3  1  50  M10  3  1  50  M8 2 1 50
Sample Pencil Hardness (H) Adhesion (Grade) Impact Resistance (kg·cm)
Anticorrosion Performance of Composite Coatings
The EIS of composite coatings immersed in 3.5% NaCl were measured at 1, 2, 4, 6, and 8 h. Z5 + G16 and Z5 + M16 results are shown in Figures 5 and 6 , and the remaining results are shown in Appendix A. 
Basic Mechanical Properties for GF and MIO Anticorrosion Coatings
The basic mechanical properties for GF and MIO anticorrosion coatings are shown in Tables 4  and 5 . The adhesion and impact strength are Grade 1 and 50 kg·cm, respectively, which shows that the added pigments and fillers and their contents did not affect the adhesion of the resin to the substrate and the enwrapping of the resin to the pigments and fillers. The paints form a continuous film after curing. Since stable covalent bonds (Equation (5)) are formed during the drying stage of the films, the coatings exhibit good cohesiveness and flexibility. Tables 4 and 5 show that pencil hardness increases with the contents of GF and MIO. This shows that the added GF and MIO enhance the scratch resistance of the coatings.
In the case of the same amount of anticorrosive pigment, the pencil hardness of the MIO coating is higher than that of the GF coating (except for 8%). This is mainly due to the fact that the hardness of the MIO exceeds that of the GF. After MIO is dispersed into the coating, its reinforcing effect is stronger. Therefore, the scratch resistance of the coating containing MIO is better. 
Anticorrosion Performance of Composite Coatings
The EIS of composite coatings immersed in 3.5% NaCl were measured at 1, 2, 4, 6, and 8 h. Z5 + G16 and Z5 + M16 results are shown in Figures 5 and 6 , and the remaining results are shown in Appendix A. It can be seen form Figures 5a,b and 6a,b that each Figure 5a or 6a is essentially a diagonal, and there is only one peak in Figures 5b and 6b . This indicates that the composite coatings have only one time-constant impedance spectrum. In other words, the 3.5% NaCl solution does not reach the antirust coating over 8 h. Moreover, the composite coatings can also maintain good corrosion resistance in a 168 h salt spray environment (Figure 7) . Consequently, compared with some conventional coatings such as waterborne modified epoxy [46] and polyurethane coating [47] , the composite coatings prepared in this paper have better protection properties. It can be seen form Figures 5a,b and 6a,b that each Figure 5a or 6a is essentially a diagonal, and there is only one peak in Figures 5b and 6b . This indicates that the composite coatings have only one time-constant impedance spectrum. In other words, the 3.5% NaCl solution does not reach the antirust coating over 8 h. Moreover, the composite coatings can also maintain good corrosion resistance in a 168 h salt spray environment (Figure 7) . Consequently, compared with some conventional coatings such as waterborne modified epoxy [46] and polyurethane coating [47] , the composite coatings prepared in this paper have better protection properties. It can be seen form Figures 5a,b and 6a,b that each Figure 5a or Figure 6a is essentially a diagonal, and there is only one peak in Figures 5b and 6b . This indicates that the composite coatings have only one time-constant impedance spectrum. In other words, the 3.5% NaCl solution does not reach the antirust coating over 8 h. Moreover, the composite coatings can also maintain good corrosion resistance in a 168 h salt spray environment (Figure 7) . Consequently, compared with some conventional coatings such as waterborne modified epoxy [46] and polyurethane coating [47] , the composite coatings prepared in this paper have better protection properties. Figures 5c and 6c indicate that the capacitive loop decreases with immersion time. It can be seen from Figures 5a,b and 6a,b that with extension of time the low frequency impedance reduces, the impedance-frequency curve moves toward the low frequency, and the phase angle curve descends and moves toward the high frequency. These reveal that Q c increases but R c decreases as time increases, which indicates that corrosive media gradually diffused towards the interior of composite coatings. It can be seen form Figures 5a,b and 6a,b that each Figure 5a or 6a is essentially a diagonal, and there is only one peak in Figures 5b and 6b . This indicates that the composite coatings have only one time-constant impedance spectrum. In other words, the 3.5% NaCl solution does not reach the antirust coating over 8 h. Moreover, the composite coatings can also maintain good corrosion resistance in a 168 h salt spray environment (Figure 7) . Consequently, compared with some conventional coatings such as waterborne modified epoxy [46] and polyurethane coating [47] , the composite coatings prepared in this paper have better protection properties. Figures 5a,b and 6a,b that with extension of time the low frequency impedance reduces, the impedance-frequency curve moves toward the low frequency, and the phase angle curve descends and moves toward the high frequency. These reveal that Qc increases but Rc decreases as time increases, which indicates that corrosive media gradually diffused towards the interior of composite coatings.
The results shown in Figures 5 and 6 were analyzed by the equivalent circuit R(QR) (Figure 8 ) and the fitted results are shown in Tables 6 and 7. The results shown in Figures 5 and 6 were analyzed by the equivalent circuit R(QR) (Figure 8 ) and the fitted results are shown in Tables 6 and 7 .
(e) (f) (g) (h) Figures 5c and 6c indicate that the capacitive loop decreases with immersion time. It can be seen from Figures 5a,b and 6a,b that with extension of time the low frequency impedance reduces, the impedance-frequency curve moves toward the low frequency, and the phase angle curve descends and moves toward the high frequency. These reveal that Qc increases but Rc decreases as time increases, which indicates that corrosive media gradually diffused towards the interior of composite coatings.
The results shown in Figures 5 and 6 were analyzed by the equivalent circuit R(QR) (Figure 8 ) and the fitted results are shown in Tables 6 and 7. The change of Q c /R c in evaluating the protective performance over time is shown in Figures 9  and 10 . For each content of anticorrosive pigment, Q c gradually increases but R c gradually decreases as the time is extended. At the early stage of corrosion, water absorption and the porosity of the coating increase due to the penetration of water as well as of aggressive particles, and Q c is proportional to water absorption [48] and R c is inversely proportional to coating porosity, so Q c gradually increases while R c gradually decreases as corrosion progresses. At the same time, the coatings that have higher anticorrosive pigment content possess a larger R c . Due to the fact that defects as well as the coating porosity gradually decrease while the "labyrinth effect" is gradually enhanced (Figures 11 and 12 ), the content of anticorrosive pigments gradually increases. The GF composite coating has a larger R c and a smaller Q c in cases where the immersion time and the content of the anticorrosive pigment are the same. This is due to the following facts. On the one hand, the radius-thickness ratio of GF (5.47) is larger than that of MIO (2.09). On the other hand, in cases where the content of the anticorrosive pigment is the same, the volume of GF in the coating is larger than that of MIO in the coating since the density of GF is smaller than that of MIO. 
Conclusions
In this paper, waterborne silicate anticorrosion coatings and composite coatings composed of antirust and anticorrosion coatings were prepared, and their properties were investigated. The conclusions are as follows:
•
For waterborne silicate paints the curing mechanism was modified. Silicate paints form orthosilicates rather than silicates during the curing process.
•
For anticorrosion coatings, the adhesion and impact strength reached Grade 1 and 50 kg·cm, and the pencil hardness could reach 4H-properties which meet the application requirements of marine anticorrosion coatings.
There was only one time constant during the EIS tests and no corrosion was observed for the 168 h salt spray, which indicates that the composite coatings possess good corrosion resistance. Due to the large radius-thickness ratio and low density of GF, the GF composite coatings have better corrosion resistance than the MIO composite coatings.
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